A B S T R A C T The fecal elimination and enterohepatic circulation of bile acid was studied in 11 patients, 10 patients with varying degrees of ileal disease or resection and 1 patient with pancreatic insufficiency and no ileal disease. A new technique was employed which involved the nearly simultaneous administration of cholic acid-"C and a nonabsorbable marker, "CrClh. Each individual stool specimen was collected for 36-96 hr and analyzed separately. Assay of the radioactivity of each isotope allowed the accurate determination of an excretion rate for both cholic acid and "Cr. The difference between these rates was used to calculate an absorption coefficient for cholic acid. In addition, bile acid concentration measured by the steroid dehydrogenase technique, and the water content of each stool was determined.
The patients were divided into groups depending upon how much small intestine was resected or diseased: six patients with less than 100 cm of ileal resection or disease (group A), and five patients with more than 100 cm of ileal disease or resection (group B). The 'Cr excretion rate was similar in the two groups, but cholic acid-'4C excretion rates were significantly more rapid in group B than in group A. The cholic acid absorption coefficient was essentially normal in the patient with pancreatic insufficiency, moderately decreased in group A patients, and extremely low or zero in group B patients. It was inversely related to the length of intestine diseased or resected.
Daily fecal bile acid excretion was normal to twice normal in group A patients and 2-8 times normal in Presented in part at the American Gastroenterology Association Meeting, May 1970: 1970. Gastroenterology. 58: INTRODUCTION Inflammatory disease of the ileum and surgical resection or bypass of the ileum are often accompanied by diarrhea and steatorrhea. A number of factors are probably involved in the pathogenesis of these symptoms, but the precise role of each has not been entirely clarified. These factors include diminished intestinal absorptive surface, rapid transit through the intestinal tract, population of the upper small intestine by colonic bacteria, and altered bile salt metabolism. Bile salts, which are normally absorbed by the ileum, can cause diarrhea when their concentration in the colon is excessive (1, 2) . Patients with ileal disorders rapidly excrete a tracer dose of radioactive bile salt (3) (4) (5) (6) , but the role of bile acid in the production of symptoms is not always clear. Hofmann and Poley found that these patients can be divided into two groups, depending upon the extent of ileal resection (7) . Those with resection of less than 100 cm of terminal ileum had watery diarrhea without much steatorrhea, whereas those with resections of more than 100 cm had diarrhea and steatorrhea. They postulated that the steatorrhea in the second group was probably caused, at least in part, by reduced jejunal bile salt concentration and decreased micellar solubilization of lipids (8) . They assumed that in the first group, those with a small resection, hepatic synthesis of bile acid was sufficient to compensate for fecal excretion of bile acid and to maintain adequate jejunal bile acid concentration.
In the normal individual, in the steady state, a constant amount (2.5-5.0 g) of bile acid is present in the enterohepatic circulation; it undergoes six to 8 complete cycles each day (9) . Usually 300-600 mg is excreted in the feces, and a similar amount is synthesized by the liver. When intestinal absorption of bile salts is diminished and bile salts are excreted rapidly in the feces, there is more or less continuous stimulation of hepatic bile acid synthesis. Under these circumstances, the bile acid "pool" in the enterohepatic circulation is not constant throughout the day. Since the usually employed technique for calculation of bile acid kinetics and rates of synthesis is dependent upon the assumption that the pool size in the enterohepatic circulation is constant, this technique cannot be employed in patients with ileal resection or disease. We report here a new technique which permits accurate determination of the fecal excretion rate and the fractional absorption of bile acid in patients with ileal resection and other kinds of diarrhea. The studies show that bile acid absorption correlates well with the extent of intestinal disease or resection. The rate of intestinal transit of a nonabsorbable marker correlated less well with the extent of resection. We also measured the mass of fecal bile acid, fecal mass, and fecal water. The findings support the hypothesis that excess fecal bile acid may play an important role in the diarrhea in all patients with ileal resection. In patients with resection of the entire ileum and no enterohepatic circulation of cholic acid, the maximum daily synthetic rate of bile acid was as much as 8 times the normal rate.
METHODS Patients
11 patients with diarrhea were studied. They were divided into two groups. Group A consisted of five patients in whom less than 100 cm of ileum had been resected or involved by disease. A patient who had pancreatic insufficiency without intestinal disease was included in this group for convenience. Group B consisted of five patients in whom more than 100 cm of small intestine had been resected or. involved by disease (Table I ). The length of intestine resected or diseased as estimated from small intestinal X-rays, operative reports, and surgical pathology reports, was calculated from the ileocecal valve proximally. We assumed an over-all jejunoileal length of 300 cm (10) . All patients were clinically stable before and during Analytical methods 5 'Cr. Stool specimens were thawed, weighed, and thoroughly homogenized by shaking with a paint can shaker. 2-g portions of each stool homogenate were mixed with 5 ml of water, and the gamma emission was measured in a well scintillation counter. A sample of the 51CrC13 solution administered to the patient was diluted in the same manner, and its activity was assayed at the same time. All samples were analyzed in duplicate.
Cholic acid-"C. Bile salt was extracted, and its radioactivity was assayed essentially as described previously (4) . Duplicate 2-g portions of each homogenized stool were placed in 100-ml Rockefeller hydrolysis tubes, and 40 ml of 2 N ethanolic NaOH was added to each sample. To one of each pair of duplicate specimens was added a known amount of cholic acid-24-'4C as internal standard to calculate the efficiency of extraction. The specimens were then autoclaved at 16 psi and 1200C for 90 min. After hydrolysis, 5-10 ml of distilled water was added to each specimen, which was then acidified to below pH 2 with 7-10 ml concentrated HCl. After cooling, the acidic sterols were extracted five times with 20-ml portions of diethyl ether. The ether extracts were combined, dried completely on a flash evaporator, and reconstituted to 5 ml with 95% ethanol. This solution was used for radioassay and for enzymatic analysis of total bile acids. Duplicate 0.5 ml portions were placed in counting vials with 15 ml of Bray's solution (11) , and the radioactivity was assayed in a liquid scintillation spectometer. Automatic external standard was used for quench correction. Internal standard recoveries ranged from 85 to 102% with an average of 95%. No 5'Cr radioactivity was present.
Enzymatic analysis of fecal bile acid
Since the ethanol extract of fecal acidic sterols also contained fatty acids, it was necessary to separate the bile acids by TLC on Silica Gel G. Duplicate 0.5 ml portions of this ethanol solution were streaked in a band on the plates and developed in hexane, diethyl ether, and glacial acetic acid (80: 20:1) (12) . In this solvent system fatty acids, diand triglycerides move toward the front. Most bile acids remain at the origin; lithocholic acid migrates a few millimeters. Chemically pure bile acid (cholic, deoxycholic, chenodeoxycholic, and lithocholic) and fatty acid standards were used. Plates were sprayed with 1% iodine in methanol. After evaporation of the latter, the silica gel which contained the bile acid was scraped into a test tube, and the bile acids were extracted from the silica gel with five washes, 6-8 ml each, of 60% ethanol which contained 2.5% glacial acetic acid. Extraction was facilitated by agitation on a Vortex shaker for 1 min. The pooled extracts were evaporated to dryness and reconstituted with 5-10 ml 20% methanol. The pH of the final methanol solution was always 6-7. Bile acid concentration was then determined using 3-steroid dehydrogenase (Worthington Biochemical Corp., Freehold, N. J.) (13, 14) . 100 mg of the enzyme was homogenized with 10 ml cold water at 1-2°C for 5 min and then centrifuged at 0C and 28,000 g for 20 min. The supernate was decanted into a cold flask and used within 24 hr or frozen at -20'C. The nicotinamide-adenine dinucleotide (NAD', Sigma Chemical Co., St. Louis, Mo.) was diluted in distilled water at 0C to a final concentration of 0.68 Aumole/0.1 ml. The pH was adjusted to 7.0 with 5% sodium carbonate, and the solution was refrigerated until use (within 2-3 days). 0.1 M pyrophosphate buffer and 3.0 mm hydrazine hydrate were titrated to pH 9.5 with 2 N sulfuric acid. 0.5 ml of the bile solution, 1.1 ml pyrophosphate buffer, 1 ml hydrazine hydrate, 0.1 ml NAD+, and 0.3 ml enzyme solution were gently stirred in a test tube and incubated for. 40 min at room temperature. The generation of NADH was measured on a Beckman DU spectrophotometer at 340 mA. A standard solution of bile acid was always analyzed simultaneously. The coefficient of variation of duplicate determinations of fecal bile acid was 6%o.
Recovery of bile acid from stool
To determine the efficiency of extraction and measurement of unlabeled fecal bile acid, a fresh fecal specimen was homogenized, and duplicate 2-g portions were taken for analysis. A mixture of known quantities of cholic, deoxycholic, and chenodeoxycholic acids was added to the remainder which was homogenized again and incubated in a water bath at 37°C for half-hourly periods up to 2 hr. It was assumed that the added bile acids were metabolized by bacteria during the incubation. Bile acid mass was determined as described above. At each time period recovery was 85-104%o; the mean was 92%.
Fecal water An 8-10 g portion from each fecal specimen was heated in a preweighed beaker on a hot plate for 6 hr at approximately 100'C. Further heating did not decrease the weight.
Fecal water was calculated as the difference between preand postheating weight. Corrections were made for those fecal specimens that required addition of water for homogenization.
Calculations
The fecal excretion of the isotopes was analyzed by two methods. In the first, the percentage of the administered dose in each individual stool was plotted against time so that the time of peak isotope excretion could be determined. In the second method, the accumulated amount of isotope excreted was subtracted from the amount administered, and the logarithm of the fraction that remained was plotted against time, as previously described (4). The 5"Cr and cholate-14C slopes for each set of date were calculated by the method of least squares (15) . The half-lives (ti) were determined from these estimated slopes. These slopes are subsequently referrd to as excretion constants. The kinetics of the excretion of both isotopes were best described as a single exponential function. In a few patients in both groups, the data from the first one or two stools did not correspond with the slopes calculated from the remaining data, but seemed to be excreted more rapidly. When this occurred, it was always with both isotopes and was not related to stool frequency, length of small intestinal or colonic resection or fecal bile acid excretion. These early irregular data were not included in the calculations.
The absorption coefficient (Y) for cholic acid was defined as follows: Y = K2-K1/K2 where K2 is the excretion constant for 'Cr and K1 is the excretion constant for cholic acid-14C. The significance of the differences between the two groups of patients was determined by the Wilcoxon rank sum test (16) . Correlation coefficients and their significance were calculated in the usual manner (17) .
RESULTS
Isotope excretion. The rate of 51CrCls excretion varied widely (Table II, Fig. 1 The peak excretion of 5"Cr occurred earlier in group B patients. The mean peak of 5"CrClh excretion in group A was 0.68 days, and in group B it was 0.16 days, but the difference was not statistically significant. In several patients in both groups, there was a second 'CrClh excretion peak occurring from 6 to 17 hr after the first excretion peak (Fig. 2) . The exact explanation for the second peak is not clear. It was probably caused by storage of the isotope in the colon although the extent of colectomy did not correlate well with the size or presence of the second peak. The relation between the rates of excretion of the two isotopes is quite different in the two groups of patients (Fig. 3) . In those with extensive ileal resection or disease, the isotopes were excreted at almost identical rates, while in those with less ileal destruction 'Cr was excreted more rapidly than cholate-"C.
The mean time of the peak excretion of labeled cholic acid ranged from 0.10 to 1.88 days in group A and from 0.04 to 0.33 days in group B (Table II) (P <0.01).
In several patients, a second peak for cholic acid excretion occurred from 6 to 19 hr after the first. This second peak was present only when there was also a second peak of 5'CrCls excretion. In group B patients, the percentage of each isotope in each stool was frequently identical (Figs. 2 and 3) .
Coefficient of cholic acid absorption. The cholic acid absorption coefficient (Y) ranged from 0.55 to 0.95 (mean 0.78) in group A and from zero to 0.24 (mean 0.09) in group B (Table II) ; it was inversely related to the length of intestine resected or diseased (Fig. 4) . The Y value was zero in two patients in group B, indicating no cholic acid absorption. Duodenal juice obtained from one of these patients (at another time) contained no deoxycholic acid, consistent with the conclusion that there was no enterohepatic circulation of bile acid (or that there was no bacterial dehydroxylation of cholic acid). The cholic acid absorption coefficient was inversely related to daily fecal bile acid excretion (r = -0.81, P < 0.01), but did not significantly correlate with transit time, fecal fat, or fecal frequency.
Fecal mass and bile acid. The daily fecal mass was increased in all patients (Table I (18) and the colon (19) , the enterohepatic circulation of bile salts is primarily dependent upon active absorption from the ileum (20) (21) (22) . Abnormally rapid fecal elimination of intravenously or orally administered isotopic cholic acid has been demonstrated in laboratory animals after ileal resection or bypass (23) and in man with ileal resection, bypass, or disease (3-5). These observations were confirmed and extended in the present study, which showed an excellent correlation between length of ileum diseased or resected and bile salt malabsorption.
Heretofore, bile acid kinetics have not been studied accurately in short bowel patients because techniques were not appropriate. We developed a new technique for studying bile acid kinetics that is applicable in short bowel patients, and indeed, in any patient with diarrhea.
In 1967 and may not represent a true linear relationship. As the length of intestine diseased or resected progressively increases, the absorption of cholic acid decreases (P < 0.01).
Two of the patients had no cholic acid absorption.
salt or its daily synthesis rate, assuming that one or the other was known. The model as well as Stanley's (24) assumes that in the steady-state fecal excretion is equal to hepatic synthesis of bile salt and that the bile salt undergoes a definite number of enterohepatic cycles per day. In patients with a massive intestinal resection, these concepts are not useful for two reasons. Firstly, bile salt is excreted very rapidly so that essentially the entire bolus discharged from the gallbladder is frequently lost within a few hours (25) . Under these circumstances the bile salt pool is not reasonably constant throughout the day, a condition necessary for Hofmann's model to be valid (1). Secondly, since there is little or no enterohepatic circulation of bile salt, there can be no finite number of enterohepatic cycles per day. In patients with only partial interruption of the enterohepatic circulation, these objections are less serious, but the extent to which they invalidate the model in any patient cannot be determined accurately. The two features of our new technique which made it possible to determine accurately cholic acid excretion rate and the coefficient of its absorption are the measurement of labeled bile acid in each individual stool specimen and the simultaneous measurement of the excretion of a nonabsorbable marker.
In earlier studies, 24-hr fecal specimens were employed for the determination of isotopic cholic acid elimination rate, but since patients with extensive ileal disease or resection excrete 50-95% of labeled cholic acid within 24 hr the precision of data analysis is necessarily limited. More exact determination of bile acid excretion rate is made possible by the measurement of labeled bile acid in each stool specimen. Stanley and Nemchausky, who used individual stool analyses to determine isotopic cholic acid excretion, found a mean tj of 1.06 days in four patients with ileal disease or resection (5) . anticipated, but again, the two groups were not separated by statistically significant differences. 51CrCLa appears to be a valid marker for this purpose. In order to be valid, the two isotopes must be well mixed in the proximal small intestine. The manner and time of their administration were planned to assure such mixing. The radioactive cholic acid was given by vein, and several hours later, when it was stored in the gallbladder of the fasting patient (27) , the 'CrClh was given with breakfast. It is recognized that thorough mixing in the intestinal tract is dependent upon the rate of gastric emptying and the rate of evacuation of the biliary tract. Since these processes may, on occasion, vary unpredictably, the isotopes may not always be well mixed. In the patients studied, however, this problem did not appear to be significant. Although duodenal concentrations were not determined, simultaneous excretion of the same proportion of both isotopes in several patients (Fig. 2 ) strongly supports the assumption that they were well mixed. Since they were mixed in the duodenum, the difference in excretion rates is due solely to absorption of the labeled cholic acid. The fractional absorption of cholic acid can then be calculated from the difference in the excretion rates of the two isotopes.
The coefficient of cholic acid absorption (Y), determined by this method, correlated well with other findings and clearly separated the two groups of patients. Group A patients (with small resection) had normal or moderately decreased coefficients of cholic acid absorption, whereas group B patients (with large resections) had markedly decreased or even zero coefficients of cholic acid absorption. The coefficient of cholic acid absorption was normal (0.93) in the patient (W. S.) with diarrhea and fat malabsorption due only to pancreatic insufficiency.
Some patients in both groups excreted each isotope in a single peak, while other patients excreted each isotope in a double peak. Since the excretion characteristics of both isotopes were always the same in a given patient, it is most likely that excretion in a single or double peak reflected flow characteristics in the intestinal lumen and not enterohepatic circulation of bile acid. The extent of colectomy, however, was not related to these excretion patterns. The presence of a gallbladder might affect the excretion characteristics of labeled cholic acid by patients with ileal disorders, but since only two of our patients had had a cholecystectomy, it was not possible to attribute an effect to the gallbladder.
In these studies of radioactive bile acid excretion, only cholic acid was studied. It is not known whether the magnitude of chenodeoxycholic acid malabsorption is the same as that of cholic acid malabsorption in patients with ileal resection. Wollenwebber, Kottke, and Owen found that chenodeoxycholic acid had a slightly longer half-life and smaller turnover rate than cholic acid in six hypercholesterolemic patients (28 (31) . Fecal mass was al)normal in all of the patients studied, and water content was 90-97% with a mean of 92%. Thus, most of the fecal weight was water. Devroede and Phillips, who perfused the normal human colon in 15 subjects with isotonic electrolyte solutions, showed that colonic water transport is dependent upon colonic sodium transport, i.e., with net sodium absorption there was net water absorption and with no sodium absorption there was no water absorption (32) . Mekhjian and Phillips perfused canine colons with electrolyte and 10 mm bile acid solutions and found that deoxycholic acid and, to a lesser extent, chenodeoxycholic acid, but not cholic acid, produced significant reductions in net absorption of sodium chloride, bicarbonate, and water (33) . Fordtran and Locklear estimated that in normal man, approximately 2 mm bile salt passes through the lower ileum and into the cecum (34) . The normal fecal bile acid concentration of approximately 9 mmoles/liter of total fecal water indicates the efficiency of water absorption from the colon. In light of the studies of Phillips and associates (32, 33) the linear relationship between the fecal output of bile acid and of water is consistent with the view that malabsorption of bile acids by the ileum altered colonic water absorption in the patients studied. Our data show that for each millimole increase in fecal bile acid, fecal water is increased by approximately 11 moles.
Another important finding is the apparent increase in synthesis of bile acid. Since these patients were in the steady state, daily bile acid synthesis can be assumed to have been equal to bile acid excretion. The amount of bile acid excreted was similar to the 2.8 ±0.9 g/day reported by Hofmann and Poley (35) in nine patients with ileal resection and the 1.4-3.1 g/day reported by Moore, Frantz, and Buchwald in six hypercholesterolemic patients who had undergone ileal bypass (36) . In the present study, the magnitude of fecal bile acid excretion and persumably synthesis was directly related to the length of ileum removed. The rates of synthesis in group B patients were 3-8 times normal, approaching the maximum of a 10 fold increase seen in monkeys after complete interruption of the enterolhepatic circulation (37) .
The direct relevance of this fecal bile acid-water relationship to the diarrhea of short bowel patients is not entirely clear. Hofmann and Poley reported that the watery diarrhea of patients with less than 100 cm of ileum resected could be very satisfactorily controlled by cholestyramine, a resin that binds bile salt and removes it from the solution in the intestinal lumen (7) . In patients with larger resection, cholestyramine was not effective. These observations, which have been confirmed in our laboratory, were interpreted as showing that bile acids play an important role only in the diarrhea associated with a small ileal resection.
Bile acids are not the only determinant of fecal water excretion. For example, hydroxy fatty acids, produced by intestinal bacteria from unabsorbed fatty acids entering the colon in high concentration have been associated with diarrhea (38, 39) . It is also quite possible that fecal water and bile acid increase pari passu, primarily because of the loss of intestinal surface area.
In general, patients who excreted large amounts of bile acid had considerable steatorrhea. However, there was not a statistically significant correlation between bile acid and fat excretion, probably because of the many other factors involved in fat malabsorption.
